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CONDUCTIVE PASTE, MULTILAYER
CERAMIC ELECTRONIC COMPONENT, AND
METHOD FOR MANUFACTURING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of International
application No. PCT/JP2013/063861, filed May 19, 2013,
which claims priority to Japanese Patent Application No.
2012-135609, filed Jun. 15, 2012, the entire contents of each
of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a conductive paste, and
more particularly, relates to a conductive paste containing an
acrylic or methacrylic (hereinafter referred to as “(meth)
acrylic”) resin. The invention is also directed to a multilayer
ceramic electronic component fabricated using the conduc-
tive paste and a method for manufacturing the same.

BACKGROUND OF THE INVENTION

As atechnique which is of interest to the present invention,
Japanese Unexamined Patent Application Publication No.
2005-15654 (Patent Document 1) describes a technique
regarding a binder resin for a conductive paste having excel-
lent heat decomposability and adhesiveness to ceramic green
sheets, and a conductive paste which does not cause cobweb-
bing and clogging and has an excellent printing property.
More specifically, it describes a binder resin for a conductive
paste, which contains a polyvinyl acetal(meth)acrylate com-
posite resin obtained by adding a polymerizable monomer
mainly composed of a (meth)acrylate to an aqueous medium
in which a polyvinyl acetal resin is dispersed and causing the
polymerizable monomer to permeate into the polyvinyl acetal
resin, followed by polymerization, and a conductive paste
which includes the binder resin for a conductive paste and a
metal material.

On the other hand, Japanese Unexamined Patent Applica-
tion Publication No. 2006-210256 (Patent Document 2)
describes a vehicle for a coating paste, which has excellent
adhesiveness, which is capable of preventing the occurrence
of delamination, and which has an excellent coating property
and screen printing property, and a coating paste including the
same. More specifically, it describes a vehicle for a coating
paste containing a modified polyvinyl acetal resin having
structural units represented by specific general formulae and
an organic solvent, in which the modified polyvinyl acetal
resin has a flow softening point of 100° C. to 150° C., and a
coating paste including the same.

However, even in the paste described in Patent Document 1
or 2, because of the presence of the composite resin including
the (meth)acrylate monomer and polyvinyl acetal or the
modified polyvinyl acetal resin, adhesion is low compared
with the case of a simple acrylic resin whose glass transition
point (Tg) can be controlled to a relatively low level. Further-
more, the resin described in Patent Document 1 is soluble
only in a solvent that is likely to swell or dissolve polyvinyl
butyral contained in ceramic green sheets and the like, and
therefore, the resin is likely to damage ceramic green sheets.

Patent Document 1: Japanese Unexamined Patent Appli-
cation Publication No. 2005-15654

Patent Document 2: Japanese Unexamined Patent Appli-
cation Publication No. 2006-210256
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2
SUMMARY OF THE INVENTION

Accordingly, it is an object of the present invention to
provide a conductive paste which can secure good adhesion to
ceramic green sheets.

It is another object of the present invention to provide a
multilayer ceramic electronic component fabricated using the
conductive paste.

It is another object of the present invention to provide a
method for manufacturing a multilayer ceramic electronic
component in which ceramic green sheets are unlikely to be
damaged.

The present invention is first directed to a conductive paste.
A conductive paste according to the present invention
includes a (meth)acrylic resin serving as a binder resin, an
organic solvent, and metal powder, characterized in that the
(meth)acrylic resin has a glass transition point Tg in the range
of' -60° C. to 120° C., a hydroxyl group content in the range
ot 0.01% by weight to 5% by weight per molecule, an acid
value in the range of 1 mgKOH/g to 50 mgKOH/g, and a
weight-average molecular weight in the range of 10,000 Mw
t0 350,000 Mw.

(Meth)acrylic resin monomers to be used for polymeriza-
tion to obtain the (meth)acrylic resin preferably include an
alkyl(meth)acrylate monomer having 3 to 30 carbon atoms.
As the alkyl(meth)acrylate monomer, at least one of methyl
(meth)acrylate, ethyl(meth)acrylate, propyl(meth)acrylate,
n-butyl(meth)acrylate, tert-butyl(meth)acrylate, isobutyl
(meth)acrylate, n-hexyl(meth)acrylate, 2-ethylhexyl(meth)
acrylate, isodecyl(meth)acrylate, tridecyl(meth)acrylate, and
styrene is preferably used.

Furthermore, preferably, in order to provide an acid value
to the (meth)acrylic resin, the carboxyl group included in at
least one of acrylic acid, methacrylic acid, succinic acid,
maleic acid, and itaconic acid is used.

Furthermore, (meth)acrylic resin monomers to be used for
polymerization to obtain the (meth)acrylic resin preferably
include a hydroxyl group-containing (meth)acrylic resin
monomer. The hydroxyl group-containing (meth)acrylic
resin monomer is preferably at least one of 2-hydroxymethyl
(meth)acrylate, 2-hydroxyethyl(meth)acrylate, 2-hydrox-
ypropyl(meth)acrylate, and 2-hydroxybutyl(meth)acrylate.

Preferably, the average particle size of the metal powder is
in the range of 10 nm to 1,000 nm, the metal powder content
is in the range of 5% by volume to 20% by volume, and the
(meth)acrylic resin content is in the range of 0.5% by weight
to 30% by weight.

Preferably, the metal component constituting the metal
powder contains at least one of Al, Ag, Cu, Ni, Pd, Cr, Fe, and
Co, or an alloy containing at least one of them.

In the conductive paste according to the present invention,
the difference in solubility parameter between the (meth)
acrylic resin and the organic solvent is preferably in the range
of 0 (J/em?*)'? to 10 (J/cm*)/2.

The present invention is also directed to a multilayer
ceramic electronic component including a multilayer body
which includes a plurality of stacked ceramic layers and
internal electrodes disposed between the ceramic layers. The
multilayer ceramic electronic component according to the
present invention is characterized in that the internal elec-
trodes includes a sintered element of the conductive paste
according to the present invention.

The present invention is also directed to a method for
manufacturing a multilayer ceramic electronic component.
The method for manufacturing a multilayer ceramic elec-
tronic component according to the present invention includes
a step of preparing the conductive paste according to the
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present invention, a step of preparing ceramic green sheets, a
step of printing the conductive paste on the ceramic green
sheets, a step of stacking the ceramic green sheets to form a
green multilayer body, and a step of firing the green multi-
layer body, characterized in that the difference in solubility
parameter between the (meth)acrylic resin and a resin
included in the ceramic green sheets is in the range of 0
(J/em*)V? to 20 (J/em?)H2.

In the conductive paste according to the present invention,
the (meth)acrylic resin included therein has a glass transition
point Tg in the range of -60° C. to 120° C., a hydroxyl group
content in the range of 0.01% to 5% by weight per molecule,
an acid value in the range of 1 to 50 mgKOH/g, and a weight-
average molecular weight in the range of 10,000 to 350,000
Mw. Therefore, the surface of the coating film composed of
the conductive paste can be made smooth. Thus, when a
plurality of ceramic green sheets provided with the conduc-
tive paste film are stacked, the area of contact between the
conductive paste film and the ceramic green sheet is
increased, and as a result, adhesion can be improved. Conse-
quently, the press bonding step can be performed at a rela-
tively low pressure, and it is possible to suppress the occur-
rence of stacking displacement and structural defects.

Furthermore, in the conductive paste according to the
present invention, since the hydroxyl group content is in the
range of 0.01% to 5% by weight per molecule of the (meth)
acrylic resin, the solubility parameter (SP value) can be con-
trolled in a wide range. Consequently, it becomes possible to
select, as the organic solvent, a solvent system that does not
dissolve the resin in the ceramic green sheet.

In the method for manufacturing a multilayer ceramic elec-
tronic component according to the present invention, since
the difference in solubility parameter between the (meth)
acrylic resin included in the conductive paste and a resin
included in the ceramic green sheets is in the range of 0 to 20
(J/em®)V? it is possible to avoid the problem that the organic
solvent included in the conductive paste dissolves the binder
resin included in the ceramic green sheets. Consequently, it is
possible to suppress the occurrence of stacking displacement
and structural defects in the resulting multilayer body.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a multilayer ceramic
capacitor 1 which is an example of the multilayer ceramic
electronic component fabricated using the conductive paste
according to the present invention.

FIG. 2 is a view illustrating the stacking displacement ratio
evaluated in Experimental Example.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As shown in FIG. 1, a multilayer ceramic capacitor 1
includes a multilayer body 5 having a multilayer structure
including a plurality of stacked ceramic layers 2 composed of
a dielectric ceramic and first internal electrodes 3 and second
internal electrodes 4 disposed between the ceramic layers 2. A
first external electrode 6 and a second external electrode 7 are
disposed on end portions of the multilayer body 5. The first
external electrode 6 is electrically connected to the first inter-
nal electrodes 3, and the second external electrode 7 is elec-
trically connected to the second internal electrodes 4. The first
internal electrodes 3 connected to the first external electrode
6 and the second internal electrodes 4 connected to the second
external electrode 7 are alternately arranged in the stacking
direction.
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In order to form the internal electrodes 3 and 4, a conduc-
tive paste according to the present invention is used.

The conductive paste according to the present invention, as
described above, includes a (meth)acrylic resin, an organic
solvent, and metal powder, characterized in that the (meth)
acrylic resin has a glass transition point Tg in the range of
-60° C. 1o 120° C., a hydroxyl group content in the range of
0.01% to 5% by weight per molecule, an acid value in the
range of 1 to 50 mgKOH/g, and a weight-average molecular
weight in the range of 10,000 to 350,000 Mw.

As the (meth)acrylic resin monomer to be used for poly-
merization to obtain the (meth)acrylic resin, for example, an
alkyl(meth)acrylate monomer having 3 to 30 carbon atoms is
used. More specifically, as the alkyl(meth)acrylate monomer,
at least one of methyl(meth)acrylate, ethyl(meth)acrylate,
propyl(meth)acrylate, n-butyl(meth)acrylate, tert-butyl
(meth)acrylate, isobutyl(meth)acrylate, n-hexyl(meth)acry-
late, 2-ethylhexyl(meth)acrylate, isodecyl(meth)acrylate,
tridecyl(meth)acrylate, and styrene is used.

Furthermore, in order to provide an acid value to the (meth)
acrylic resin, the carboxyl group included in at least one of
acrylic acid, methacrylic acid, succinic acid, maleic acid, and
itaconic acid is used.

Furthermore, as the (meth)acrylic resin monomer to be
used for polymerization to obtain the (meth)acrylic resin, for
example, a hydroxyl group-containing (meth)acrylic resin
monomer is used. The hydroxyl group-containing (meth)
acrylic resin monomer is preferably at least one of 2-hy-
droxymethyl(meth)acrylate, 2-hydroxyethyl(meth)acrylate,
2-hydroxypropyl(meth)acrylate, and 2-hydroxybutyl(meth)
acrylate.

Preferably, the average particle size of the metal powder is
in the range of 10 to 1,000 nm. Furthermore, preferably, the
metal powder content is in the range of 5% to 20% by volume,
and the (meth)acrylic resin content is in the range of 0.5% to
30% by weight.

Preferably, the metal component constituting the metal
powder contains at least one of Al, Ag, Cu, Ni, Pd, Cr, Fe, and
Co, or an alloy containing at least one of them.

In the conductive paste according to the present invention,
the difference in solubility parameter between the (meth)
acrylic resin and the organic solvent is preferably in the range
of 0 to 10 (J/em®)*'2.

As the organic solvent, preferably, at least one selected
from the group consisting of alcohol solvents (n-octanol,
n-decanol, n-dodecanol, a-terpineol, and dihydroterpineol),
ether solvents (diethyl ether, dipropyl ether, diisopropyl ether,
anisole, phenetole, benzyl ethyl ether, diphenyl ether, diben-
zyl ether, tetrahydrofuran, ethylene glycol dimethyl ether,
ethylene glycol diethyl ether, and acetal), ketone solvents
(methyl propyl ketone, methyl butyl ketone, methyl pentyl
ketone, diethyl ketone, methyl isobutyl ketone, diisobutyl
ketone, isophorone, cyclohexanone, methylcyclohexanone,
acetophenone, and camphor), and ester solvents (n-propyl
acetate, butyl acetate, hexyl acetate, heptyl acetate, octyl
acetate, dodecyl acetate, isopropyl acetate, isobutyl acetate,
2-ethylhexyl acetate, cyclohexyl acetate, benzyl acetate,
ethyl propionate, butyl propionate, butyl butyrate, butyl stear-
ate, butyl benzoate, benzyl benzoate, and dihydroterpineol
acetate) is used.

An example of a method for manufacturing the multilayer
ceramic capacitor 1 will now be described.

First, the conductive paste and a ceramic green sheet are
prepared. The conductive paste is subjected to firing to form
a sintered element, and then constitutes internal electrodes 3
and 24.
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The ceramic green sheet is subjected to firing, and then
constitutes ceramic layers 2. The ceramic green sheet is
obtained by forming a slurry, which includes ceramic powder,
a solvent, and an organic binder resin, into a sheet shape.
Examples of the ceramic powder that can be used include
barium titanate-based ceramic powder, calcium zirconate-
based ceramic powder, and calcium titanate zirconate-based
ceramic powder.

As the solvent, a hydrocarbon solvent, such as toluene, or
an alcohol solvent can be used.

As the organic binder resin, at least one of a butyral resin,
an alkyd resin, and a cellulose resin can be used. The differ-
ence in solubility parameter between the (meth)acrylic resin
included in the conductive paste and the binder resin included
in the ceramic green sheet is preferably set in the range of O to
20 (J/em®)*"?. The reason for this is to avoid the problem that
the organic solvent included in the conductive paste dissolves
the binder resin included in the ceramic green sheet.

Next, a conductive paste film to serve as internal electrodes
3 and 4 are formed on the ceramic green sheet by printing,
such as screen printing.

Next, a plurality of ceramic green sheets are stacked, sub-
jected to press bonding, and cut into a predetermined size.
Thereby, a green multilayer body is produced.

Next, the green multilayer body is subjected to firing, and
thus, a multilayer body 5 shown in FIG. 1 is obtained.

Next, a conductive paste for external electrode is applied
onto both end portions of the multilayer body 5, followed by
baking to form external electrodes 6 and 7. The conductive
paste for external electrode includes metal powder, an organic
binder resin, and a solvent. As the metal powder, silver, pal-
ladium, orthe like can be used. As the organic binder resin, an
acrylic resin or the like can be used. As the solvent, terpineol
or the like can be used.

EXPERIMENTAL EXAMPLE

An experimental example conducted to confirm advanta-
geous effects of the present invention will be described below.

(1) Production of (meth)acrylic Resin

A (meth)acrylic resin serving as a binder resin in a conduc-
tive paste was produced as described below.

Ethyl methacrylate, 2-hydroxyethyl methacrylate, and
methacrylic acid were copolymerized at a predetermined
ratio in terpineol heated at 95° C. In such a manner, (meth)
acrylic resins having the “Tg”, “acid value”, “hydroxyl group
content”, and “weight-average molecular weight” shown in
Tables 1 and 2 were produced.

As an example, Sample 1 will be described more specifi-
cally. By copolymerizing ethyl methacrylate, 2-hydroxyethyl
methacrylate, and methacrylic acid at a ratio of 90:2:8 (mol)
in terpineol heated at 95° C., as shown in Table 1, a meth-
acrylic resin of Sample 1 with a “Tg” of -60° C., an “acid
value” of 10 mgKOH/g, a “hydroxyl group content” of 1% by
weight, and a “weight-average molecular weight” of 10x10*
Mw was produced.

Note that the “Tg” was measured by the method described
below. That is, using a DSC (DSC2920 manufactured by TA
Instruments), the temperature profile was set from —120°C. to
200° C. (20° C./min) with a measurement atmosphere of N,
(30 ml/min) and an amount of measurement sample of 20 mg,
the temperature profile was repeated twice for the same
sample, and the “Tg” was calculated from the point of inflec-
tion of the graph of heat flow (W/g) for the second tempera-
ture.

Regarding the “acid value”, a 0.01 to 1 mol/dm? ethanol
mixture was subjected to neutralization with a 0.01 to 1
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mol/dm® ethanol-based solution. The neutralization was ter-
minated when a pink color was obtained. The acid value was
calculated from the formula: acid value=(5.611xAxF)/S.

In the formula, A is the amount (ml) of 0.1 mol/dm> etha-
nol-based solution used, F is the factor of 0.1 mol/dm? etha-
nol-based solution, and S is the amount (g) of sample col-
lected.

Regarding the “weight-average molecular weight”, a cali-
bration curve was prepared using styrene or MMA as a stan-
dard solution, and measurement was performed using GPC.

(2) Preparation of Metal Powder and the Like

Metal powder composed of a metal shown under the col-
umn of “metal powder” of Table 1 or 2 and having an average
particle size shown under the column of “particle size” was
prepared. The “particle size” was obtained from the particle
size measured by image analysis of an FE-SEM photograph
taken at 20 k magnification.

Furthermore, barium titanate-based ceramic powder with
an average particle size of 20 nm was prepared, the average
particle size being obtained by image analysis of an FE-SEM
photograph taken at 20 k magnification.

(3) Production of Conductive Paste

Next, the barium titanate-based ceramic powder was added
to the metal powder, and the (meth)acrylic resin and the
organic solvent were further added thereto. By performing
dispersion mixing with a triple roll mill, a conductive paste
was produced.

Inthe conductive paste, the (meth)acrylic resin was used in
an amount corresponding the content shown under the col-
umn of “(meth)acrylic resin content” in Table 1 or 2, and the
metal powder was used in an amount corresponding to the
content shown under the column of “metal powder content”
in Table 1 or 2. The ceramic powder was added in an amount
of 10% by weight relative to the metal powder. The organic
solvent was added in an amount five times the weight of the
(meth)acrylic resin.

As an example, Sample 1 will be described more specifi-
cally. To Ni powder with an average particle size of 200 nm,
10% by weight of barium titanate-based ceramic powder with
a particle size of 20 nm was added, and furthermore, 40% by
weight of the (meth)acrylic resin and 10% by weight of ter-
pineol as an organic solvent relative to 50% by weight of Ni
powder were added thereto. By performing dispersion mixing
with a triple roll mill, the conductive paste of Sample 1 was
obtained.

In the column of “difference in SP value between solvent
and (meth)acrylic resin” in Tables 1 and 2, the difference in
solubility parameter (SP value) between the organic solvent
and the (meth)acrylic resin in the conductive paste is shown.
In addition to Sample 1, in all of Samples 2 to 31 and 33 and
Samples 51 to 65, the “difference in SP value between solvent
and (meth)acrylic resin” in Table 1 or 2 is 3 (J/em®)"?, and
therefore, terpineol was also used as the organic solvent in
Samples 2 to 31 and 33 and Samples 51 to 65 as in Sample 1.
On the other hand, in Sample 32, Sample 34, and Sample 66,
in which the “difference in SP value between solvent and
(meth)acrylic resin” is other than 3 (J/cm®)'2, an ester sol-
vent, a ketone solvent, and an ether solvent were used, respec-
tively, as the organic solvent.

Note that the “difference in SP value between solvent and
(meth)acrylic resin” and the “difference in SP value between
resins”, which will be described later, are obtained as
described below. First, the three-component SP value will be
described. The three-component SP value is based on the idea
proposed by Hansen that when the SP value is divided into
three components: a dispersion force component dd, a dipolar
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component dp, and a hydrogen-bonding component Sh, solu-
bility can be more accurately expressed.

The SP values of the individual solvents were calculated,
on the basis of the molecular structures, from the parameters
given by Krevelen and Hoftyzer. Regarding the resins, the SP
values can be calculated by the same method as that for the
solvents, using repeating units. The solubility radius Ad cor-
responding to the SP value distance between resin and solvent
was calculated according to the formula below. As the solu-

8

where the resulting value is 1% or more, the sample is evalu-
ated as failed and indicated as “x” under the column of “stack-
ing displacement ratio”.

Next, the green multilayer body obtained by cutting was
subjected to treatment for removing organic components and
treatment for removing carbon. Then, the temperature was
raised at a heating rate of 3° C./min or more, and firing was
performed, in a reducing atmosphere, at a top temperature of
1,200° C. for 3 hours. Thereby, a sintered multilayer body

bility radius Ad decreases, the solvent is more likely to dis- 10 serving as a main body of a component was obtained.
solve the resin, and as the solubility radius Ad increases, the Next, external electrodes were formed on both end portions
solvent is less likely to dissolve the resin. of'the multilayer body. Thereby, a multilayer ceramic capaci-
AS—(Od= )+ (Op-0p" >+ (Sh—0h"] V2 tor serving as a test sample was completed.
. Regarding the multilayer ceramic capacitor serving as a
1 \
Bh'whereszgd, 61p’ andff)llllare ?P Valuesl?fthe r esln’laréd(?Q’ 6§’ 15 test sample, as shown in Tables 1 and 2, the “rate of occur-
are h values of the solvent or the resin included 1n the rence of structural defects” was evaluated. In order to evaluate
grezn; EeF' . £ Multil c cC . the “rate of occurrence of structural defects”, the percentage
%\I) a E;,Ca(tilon o u(til ayer er.am1i ap?lcnlog. b of test samples in which structural defects occurred among
| ext,a g:i zr re5111)1 andan o rgamcbs © ng wncluding etha- 100 test samples was checked. In the case where the resulting
hno W,elie a de to d arium titanate-basec geramlg stargnﬁ 20 value is less than 10%, the sample is evaluated as passed and
mgltlena powder, and wet Ilnlxmgr\l)lvas cafine Ollljtlusmg a ha d indicated as “O” under the column of “rate of occurrence of
millto pfe}ziare ahceram1c § uliry ’ en(,iahoctor ade metho structural defects” in Table 1 or 2. In the case where the
v&lllas app llf tlolit ke;cerani}lzc 8 urry, an ft us, da ceramic green resulting value is 10% or more, the sample is evaluated as
§ e;et Klt ?t c fizs, § A um g;s ?rmle): : s failed and indicated as “x” under the column of “rate of
T brllt elco 1(11m2n Oh (11 fe;rence mn V? Eel etween resing Slg 25 occurrence of structural defects”.
al esb an ,ht © dl herencle? 1 solu lhlty paéam.eter ( Furthermore, the “green sheet resin solubility” is shown in
value) ctween the (met Jacrylic resin in the conductive paste Tables 1 and 2. The “green sheet resin solubility” was evalu-
and the binder resin in the ceramic green sheet is shown. In : : .
Samplos 1 t028.32.33. and 51 10 65. in which the “diff ated in the following manner:
: anslg 8 lto b ) 94, 33, Al ”t,o 5’ H}/W 13C 1/t2 cd lere.ncei (1) Into a weighing bottle (about 170 cc), 45 g of a solvent
Ln IVS ue q be.tv(vieen resums - 1§ d( 011111 )b' ° da po yvug 30 forevaluation and 5 g of a resin for evaluation were weighed.
ﬁltyrah- alsle d 1 eSr re511n \ggs gse ells t3 g Sm erl re3511n. 3 (2) The weighing bottle of (1) was subjected to dispersion
tS e Otl er6 5 and, Hllli Emfl) e“ g Iif ample S’P an}p e b » an treatment at predetermined temperatures (20° C. and 70° C.)
amp’e ’hm VIV1 N 5 tJ /e 31 1 /Srengel m h va lue etwelzleri for 30 minutes using an ultrasonic cleaner and a circulator.
resu}lls 18 IOt ert ;m 1( CIE ) 1’ ethy I(I;Zt alclr}llhate, lmet 1}1/ However, regarding a solvent having a low boiling point of
methacrylate, 1sobutyl methacrylate, and 2-ethylhexyl meth- ;5 ggo ¢ or lower, dispersion treatment set at 20° C. only was
acrylate were used, respectively, as the binder resin. performed
Nex.t, by sc;eeri-prlnmég :he corid%cltlve ?I? Stfh.ointhe (3) The dissolved state immediately after being taken out of
C?SI?IC green sheet, a con ulc 1lve paze m V? a d 1ekness the ultrasonic cleaner of (2) was photographed.
o1 0.5 pm to serve as mternal electrodes was formed. (4) After being left to stand for 3 days, the dissolved state
Next, a plurality of ceramic green sheets provided with the | hot hed acai
ductive paste film were stacked and subjected to press wap blotograpaec again. . .
‘Eond' T111) b Tl bodv bl kJ' [udi p300 (5) The supernatant of the solution of (4) was collected in
bon mi%' ) ere 4 Y, ﬁ? multilayer g o z TEC Hﬁc u “114‘,%1 an amount of about 2 g, and the drying loss was measured
ngm‘;ll e ECHO © Lims was péo uced. q en, the multilayer under the conditions of 80° C. and 3 hours.
0Cy block was cut o a pre ete.rrglne s1ze. (6) The supernatant concentration was calculated accord-
The “stacking displacement ratio” shown in Tables 1 and 2 . . .
. ) . 45 ing to the following formula:
was evaluated. In order to evaluate the “stacking displace-
ment ratio”, as shown in FIG. 2, a cross section was taken Supernatant concentration [% by weight]=(weight
from a green multilayer body 11, conductive paste films 12 after drying of supernatant solution)/(weight
. . PR before drying of supernatant solution)
serving as internal electrodes were exposed, and the size in
the width direction W and the amount of displacement Z of s In the case where the supernatant concentration is less than
the conductive paste films 12 were measured. Then, the stack- 1.0% by weight, the sample is evaluated as passed and indi-
ing displacement ratio was determined on the basis of the cated as “O” under the column of “green sheet resin solubil-
formula: stacking displacement ratio=Z/Wx100 [%]. In the ity” in Table 1 or 2. In the case where the supernatant con-
case where the resulting value is less than 1%, the sample is centration is 1.0 or more, the sample is evaluated as failed and
evaluated as passed and indicated as “O” under the column of indicated as “x” under the column of “green sheet resin solu-
“stacking displacement ratio” in Table 1 or 2. In the case bility”.
TABLE 1
Weight- Difference in Difference Rate
Hydrox-  average (Meth) SP value in SP of Green
Acid yl molecular Par- acrylic Metal between value Stacking  occurence  sheet
Sam- value group wight ticle  resin  powder solvent and between displace- of resin
ple Tg [mgKOH/ content [x 10% Metal  size content content meth(acrylic resin resins ment structural  solu-
No. [°C] gl [wt %) Mw] powder [nm] [wt%] [vol %] [(Jfem3)¥2) [(Tfem?)¥2] ratio defects bility
1 -60 10 1 10 Ni 200 5 10 3 5 O O O
2 60 10 1 10 Ni 200 5 10 3 5 O O O
3120 10 1 10 Ni 200 5 10 3 5 O O O
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TABLE 1-continued

Weight- Difference in Difference Rate
Hydrox- average (Meth) SP value in SP of Green
Acid yl molecular Par- acrylic Metal between value Stacking  occurence  sheet
Sam- value group wight ticle  resin  powder solvent and between displace- of resin
ple Tg [mgKOH/ content [x 10* Metal  size content content meth(acrylic resin resins ment structural  solu-
No. [°C.] g] [wt %] Mw] powder [nm] [wt%] [vol %] [(Tfem?)2] [(J/em3)*2] ratio defects bility
4 60 1 1 10 Ni 200 5 10 3 5 O O O
5 60 10 1 10 Ni 200 5 10 3 5 O O
6 60 50 1 10 Ni 200 5 10 3 5 O O O
7 60 10 0.01 10 Ni 200 5 10 3 5 O O O
8 60 10 1 10 Ni 200 5 10 3 5 O O O
9 60 10 5 10 Ni 200 5 10 3 5 O O O
10 60 10 1 1 Ni 200 5 10 3 5 O O O
11 60 10 1 10 Ni 200 5 10 3 5 O O O
12 60 10 1 35 Ni 200 5 10 3 5 O O O
13 60 10 1 10 Ni 10 5 10 3 5 O O O
14 60 10 1 10 Ni 200 5 10 3 5 O O O
15 60 10 1 10 Ni 1000 5 10 3 5 O O O
16 60 10 1 10 Ni 200 0.5 10 3 5 O O O
17 60 10 1 10 Ni 200 5 10 3 5 O O O
18 60 10 1 10 Ni 200 30 10 3 5 O O O
19 60 10 1 10 Ni 200 5 5 3 5 O O O
20 60 10 1 10 Ni 200 5 10 3 5 O O O
21 60 10 1 10 Ni 200 5 20 3 5 O O O
22 60 10 1 10 Al 200 5 10 3 5 O O O
23 60 10 1 10 Ag 200 5 10 3 5 O O O
24 60 10 1 10 Cu 200 5 10 3 5 O O O
25 60 10 1 10 Pd 200 5 10 3 5 O O O
26 60 10 1 10 NiCr 200 5 10 3 5 O O O
27 60 10 1 10 NiFe 200 5 10 3 5 O O O
28 60 10 1 10 NiCo 200 5 10 3 5 O O O
29 60 10 1 10 Ni 200 5 10 3 0 O O O
30 60 10 1 10 Ni 200 5 10 3 10 O O O
31 60 10 1 10 Ni 200 5 10 3 20 O O O
32 60 10 1 10 Ni 200 5 10 0 5 O O O
33 60 10 1 10 Ni 200 5 10 3 5 O O O
34 60 10 1 10 Ni 200 5 10 10 5 O O O
TABLE 2
Weight- Difference in Difference Rate
Hydrox- average (Meth) SP value in SP of Green
Acid yl molecular Par- acrylic Metal between value Stacking  occurence  sheet
Sam- value group wight ticle  resin  powder solvent and between displace- of resin
ple Tg [mgKOH/ content [x 10* Metal  size content content meth(acrylic resin resins ment structural  solu-
No. [°C.] g] [wt %] Mw] powder [nm] [wt%] [vol %] [(Tfem?)2] [(J/em3)*2] ratio defects bility
51 -100 10 1 10 Ni 200 5 10 3 5 X <) <)
52 140 10 1 10 Ni 200 5 10 3 5 <) X <)
53 60 0 1 10 Ni 200 5 10 3 5 X X <)
54 60 70 1 10 Ni 200 5 10 3 5 X X <)
55 60 10 0 10 Ni 200 5 10 3 5 X X <)
56 60 10 10 10 Ni 200 5 10 3 5 X X <)
57 60 10 1 0.5 Ni 200 5 10 3 5 X <) <)
58 60 10 1 40 Ni 200 5 10 3 5 <) X <)
59 60 10 1 10 Ni 5 5 10 3 5 <) X <)
60 60 10 1 10 Ni 2000 5 10 3 5 X <) <)
61 60 10 1 10 Ni 200 0.1 10 3 5 <) X <)
62 60 10 1 10 Ni 200 50 10 3 5 X <) <)
63 60 10 1 10 Ni 200 5 3 3 5 <) <) X
64 60 10 1 10 Ni 200 5 30 3 5 X X <)
65 60 10 1 10 Ni 200 5 10 3 25 <) X <)
66 60 10 1 10 Ni 200 5 10 15 5 <) <) X
60
The samples shown in Table 1 are within the range of the Sample 33 are the same, in order to facilitate comparison
present invention, and the samples shown in Table 2 are out of between samples in the examination, these samples are dupli-
the range of the present invention or within the range of the cated in Table 1.
present invention but out of the preferable range. <Samples 1 to 3 and Samples 51 and 52>

Examination will be made on the samples with referenceto 65  In Samples 1 to 3 and Samples 51 and 52, the glass transi-
Tables 1 and 2. In Table 1, although Sample 2, Sample 5, tion point Tg ofthe (meth)acrylic resin in the conductive paste
Sample 8, Sample 11, Sample 14, Sample 17, Sample 20, and is to be noted.



US 9,401,244 B2

11

In Samples 1 to 3 in which the “Tg” is in the range of -60°
C. 10 120° C., the “stacking displacement ratio” and “rate of
occurrence of structural defects” are evaluated as passed.

In contrast, in Sample 51 in which the “Tg” is lower than
-60° C., the “rate of occurrence of structural defects” is
evaluated as passed, but the “stacking displacement ratio” is
evaluated as failed. The reason for this is assumed that, when
the “Tg” is low, although adhesion sufficient to prevent struc-
tural defects is obtained between the green sheet and the
conductive paste film, the conductive paste film is likely to
flow, and thus stacking displacement is likely to occur.

On the otherhand, in Sample 52 in which the “Tg” is higher
than 120° C., the “stacking displacement ratio” is evaluated as
passed, but the “rate of occurrence of structural defects” is
evaluated as failed. The reason for this is assumed that, when
the “Tg” is increased, adhesion sufficient to prevent structural
defects is not obtained between the green sheet and the con-
ductive paste film, and structural defects are likely to occur,
but the conductive paste film is unlikely to flow, and thus
stacking displacement is unlikely to occur.

<Samples 4 to 6 and Samples 53 and 54>

In Samples 4 to 6 and Samples 53 and 54, the acid value of
the (meth)acrylic resin in the conductive paste is to be noted.

In Samples 4 to 6 in which the “acid value” is 1 to 50
[mgKOH/g], the “stacking displacement ratio” and “rate of
occurrence of structural defects” are evaluated as passed.

In contrast, in Sample 53 in which the “acid value” is less
than 1 [mgKOH/g]| and in Sample 54 in which the “acid
value” is more than 50 [mgKOH/g], the “stacking displace-
ment ratio” and “rate of occurrence of structural defects” are
evaluated as failed. The reason for this is assumed that, unless
the “acid value” is in the range of 1 to 50 [mgKOH/g], the
viscosity suitable for printing is not obtained in the conduc-
tive paste, resulting in an increase in the surface roughness of
the conductive paste film, therefore, the contact area
decreases, it is not possible to obtain adhesion sufficient to
prevent structural defects, and good coating film shape cannot
be obtained because of bleeding, thin spots, and the like,
which causes stacking displacement.

<Samples 7 to 9 and Samples 55 and 56>

In Samples 7 to 9 and Samples 55 and 56, the hydroxyl
group content of the (meth)acrylic resin in the conductive
paste is to be noted.

In Samples 7 to 9 in which the “hydroxyl group content” is
0.01% to 5% by weight, the “stacking displacement ratio”
and “rate of occurrence of structural defects” are evaluated as
passed.

In contrast, in Sample 55 in which the “hydroxyl group
content” is less than 0.01% by weight and in Sample 56 in
which the “hydroxyl group content” is more than 5% by
weight, the “stacking displacement ratio” and “rate of occur-
rence of structural defects” are evaluated failed. The reason
for this is assumed that, unless the “hydroxyl group content”
is in the range of 0.01% to 5% by weight, as in the case of the
“acid value” described above, the viscosity suitable for print-
ing is not obtained in the conductive paste, resulting in an
increase in the surface roughness of the conductive paste film,
therefore, the contact area decreases, it is not possible to
obtain adhesion sufficient to prevent structural defects, and
good coating film shape cannot be obtained because of bleed-
ing, thin spots, and the like, which causes stacking displace-
ment.

<Samples 10 to 12 and Samples 57 and 58>

In Samples 10 to 12 and Samples 57 and 58, the weight-
average molecular weight of the (meth)acrylic resin in the
conductive paste is to be noted.
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In Samples 10 to 12 in which the “weight-average molecu-
lar weight” is in the range of 1 to 35 [x10* Mw], the “stacking
displacement ratio” and “rate of occurrence of structural
defects” are evaluated as passed.

In contrast, in Sample 57 in which the “weight-average
molecular weight” is less than 1 [x10* Mw] and in Sample 58
in which the “weight-average molecular weight™ is more than
35 [x10* Mw], the “stacking displacement ratio” and “rate of
occurrence of structural defects” are evaluated as failed. The
reason for this is assumed that, unless the “weight-average
molecular weight” is in the range of 1 to 35 [x10* Mw], as in
the case of the “acid value” and “hydroxyl group content”
described above, the viscosity suitable for printing is not
obtained in the conductive paste, resulting in an increase in
the surface roughness of the conductive paste film, therefore,
the contact area decreases, it is not possible to obtain adhesion
sufficient to prevent structural defects, and good coating film
shape cannot be obtained because of bleeding, thin spots, and
the like, which causes stacking displacement.

<Samples 13 to 15 and Samples 59 and 60>

In Samples 13 to 15 and Samples 59 and 60, the particle
size of the metal powder included in the conductive paste is to
be noted.

In Samples 13 to 15 in which the “particle size” is in the
range of 10 to 1,000 nm, the “stacking displacement ratio”
and “rate of occurrence of structural defects” are evaluated as
passed.

In contrast, in Sample 59 in which the “particle size™ is less
than 10 nm, the “stacking displacement ratio” is evaluated as
passed, but the “rate of occurrence of structural defects” is
evaluated as failed. This shows that, when the “particle size”
is decreased, the conductive paste film is unlikely to flow, and
therefore, stacking displacement is unlikely to occur; how-
ever, since the conductive paste film is unlikely to flow, the
contact area between the green sheet and the conductive paste
film is not increased, and it is not possible to obtain adhesion
sufficient to prevent structural defects.

On the other hand, in Sample 60 in which the “particle size”
is more than 1,000 nm, the “rate of occurrence of structural
defects” is evaluated as passed, but the “stacking displace-
ment ratio” is evaluated as failed. This shows that, when the
“particle size” is increased, adhesion sufficient to prevent
structural defects between the green sheet and the conductive
paste film can be obtained; however, since the conductive
paste film is likely to flow, the stacking displacement is likely
to occur.

Note that, even when the “particle size” is out of the range
of 10 to 1,000 nm, by controlling the thickness of the con-
ductive paste film, the composition of the (meth)acrylic resin
in the conductive paste, and the like, the “stacking displace-
ment ratio” and “rate of occurrence of structural defects” may
be evaluated as passed. Furthermore, the conductive paste
may be used in applications other than internal electrodes.
Therefore, the “particle size” out of the range of 10 to 1,000
nm is also in the range of the present invention.

<Samples 16 to 18 and Samples 61 and 62>

In Samples 16 to 18 and Samples 61 and 62, the (meth)
acrylic resin content in the conductive paste is to be noted.

In Samples 16 to 18 in which the “(meth)acrylic resin
content” is in the range 0f' 0.5% to 30% by weight, the “stack-
ing displacement ratio” and “rate of occurrence of structural
defects” are evaluated as passed.

In contrast, in Sample 61 in which the “(meth)acrylic resin
content” is less than 0.5% by weight, since the influence of the
(meth)acrylic resin decreases, the conductive paste film is
less likely to flow, and therefore, the “stacking displacement
ratio” is evaluated as passed. However, since the adhesion
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provided by the (meth)acrylic resin decreases, the “rate of
occurrence of structural defects” is evaluated as failed.

On the other hand, in Sample 62 in which the “(meth)
acrylic resin content” is more than 30% by weight, since the
conductive paste film is likely to flow, adhesion sufficient to
prevent structural defects is obtained, and the “rate of occur-
rence of structural defects” is evaluated as passed. However,
since the conductive paste film is likely to flow, stacking
displacement is likely to occur, and the “stacking displace-
ment ratio” is evaluated as failed.

Note that, even when the “(meth)acrylic resin content” is
out of the range of 0.5% to 30% by weight, by controlling the
Tg of the (meth)acrylic resin in the conductive paste, the
“stacking displacement ratio” and “rate of occurrence of
structural defects” may be evaluated as passed. Furthermore,
the conductive paste may be used in applications other than
internal electrodes. Therefore, the “(meth)acrylic resin con-
tent” out of the range of 0.5% to 30% by weight is also in the
range of the present invention.

<Samples 19 to 21 and Samples 63 and 64>

In Samples 19 to 21 and Samples 63 and 64, the metal
powder content in the conductive paste is to be noted.

In Samples 19 to 21 in which the “metal powder content™ is
in the range of 5% to 20% by volume, the “stacking displace-
ment ratio” and “rate of occurrence of structural defects” are
evaluated as passed.

In contrast, in Sample 63 in which the “metal powder
content” is less than 5% by volume, the solvent content in the
conductive paste increases relatively, and the “green sheet
resin solubility” is evaluated as failed.

On the other hand, in Sample 64 in which the “metal
powder content” is more than 20% by volume, the “stacking
displacement ratio” and “rate of occurrence of structural
defects” are evaluated as failed. The reason for this is assumed
that, when the metal powder content is large, the viscosity
range suitable for printing cannot be secured, resulting in an
increase in the surface roughness of the conductive paste film,
therefore, the contact area with the green sheet decreases, it is
not possible to obtain adhesion sufficient to prevent structural
defects, and good coating film shape cannot be obtained
because of bleeding, thin spots, and the like, which causes
stacking displacement.

Note that, even when the “metal powder content” is out of
the range of 5% to 20% by volume, by controlling the thick-
ness of the conductive paste film, the type of organic solvent,
the composition of the (meth)acrylic resin in the conductive
paste, and the like, the “stacking displacement ratio” and “rate
of occurrence of structural defects” may be evaluated as
passed. Furthermore, the conductive paste may be used in
applications other than internal electrodes. Therefore, the
“metal powder content” out of the range of 5% to 20% by
volume is also in the range of the present invention.

<Samples 22 to 28>

In Samples 22 to 28, the metal constituting the metal pow-
der included in the conductive paste is to be noted.

Inthe samples other than Samples 22 to 28, Niisused as the
metal constituting the metal powder. In Samples 22 to 28,
metals other than Nj, i.e., Al, Ag, Cu, Pd, Ni/Cr, Ni/Fe, and
Ni/Co are used. In Samples 22 to 28, the “stacking displace-
ment ratio” and “rate of occurrence of structural defects” are
evaluated as passed. This shows that the effect of the (meth)
acrylic resin in the conductive paste is not influenced by the
type of metal constituting the metal powder.

<Samples 29 to 31 and Sample 65>

In Samples 29 to 31 and Sample 65, the difference in SP
value dA between the (meth)acrylic resin in the conductive
paste and the binder resin in the green sheet is to be noted.
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In Samples 29 to 31 in which the “difference in SP value
between resins” is in the range of 0 to 20 [(J/em?)'"], the
“stacking displacement ratio” and “rate of occurrence of
structural defects” are evaluated as passed.

In contrast, in Sample 65 in which the “difference in SP
value between resins” is more than 20 [(J/em?)"'?], the “rate
of occurrence of structural defects” is evaluated as failed. The
reason for this is assumed that adhesion resulting from com-
patibility between resins is decreased, and adhesion sufficient
to prevent structural defects cannot be obtained between the
green sheet and the conductive paste film.

Note that, even when the “difference in SP value between
resins” is out of the range of 0 to 20 [(J/em®)""], by control-
ling the thickness of the conductive paste film, the type of
organic solvent, and the like, the “rate of occurrence of struc-
tural defects” may be evaluated as passed. Furthermore, the
conductive paste may be used in applications other than inter-
nal electrodes. Therefore, the “difference in SP value between
resins” out of the range of 0 to 20 [(J/em?)'?] is also in the
range of the present invention.

<Samples 32 to 34 and Sample 66>

In Samples 32 to 34 and Sample 66, the difference in SP
value dA between the solvent and the (meth)acrylic resin in
the conductive paste is to be noted.

In Samples 32 to 34 in which the “difference in SP value
between solvent and (meth)acrylic resin” is in the range of 0
to 10 [(J/em®)*?], the “stacking displacement ratio” and “rate
of occurrence of structural defects™ are evaluated as passed,
and the “green sheet resin solubility” is also evaluated as
passed. The reason for this is assumed that, since the (meth)
acrylic resin is likely to be dissolved in the solvent, flowing of
the solvent into the green sheet is suppressed, and as a result,
the binder resin in the green sheet is less likely to be dissolved.

In contrast, in Sample 66 in which the “difference in SP
value between solvent and (meth)acrylic resin” is more than
10 [(J/em?)*'?], the “green sheet resin solubility” is evaluated
as failed. The reason for this is assumed that, since the (meth)
acrylic resin cannot hold the solvent, the solvent flows toward
the green sheet and dissolves the binder resin in the green
sheet.

Note that, even when the “difference in SP value between
solvent and (meth)acrylic resin” is out of the range of 0 to 10
[(J/em®)*?], by controlling the resin content in the green
sheet, the “green sheet resin solubility” may be evaluated as
passed. Furthermore, the conductive paste may be used in
applications other than internal electrodes. Therefore, the
“difference in SP value between solvent and (meth)acrylic
resin” out of the range of 0 to 10 [(J/em®)"?] is also in the
range of the present invention.

REFERENCE SIGNS LIST

1 multilayer ceramic capacitor

2 ceramic layer

3, 4 internal electrode

5 multilayer body

11 green multilayer body

12 conductive paste film

The invention claimed is:

1. A conductive paste comprising:

a (meth)acrylic resin serving as a binder resin;

an organic solvent; and

a metal powder,

wherein the (meth)acrylic resin has:
a glass transition point Tg of —-60° C. to 120° C.,
a hydroxyl group content of 0.01% by weight to 5% by

weight per molecule,
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an acid value of 1 mgKOH/g to 50 mgKOH/g,
a weight-average molecular weight of 10,000 Mw to
350,000 Mw, and
an average particle size of the metal powder is 10 nm to
1,000 nm,

the metal powder is 5% by volume to 20% by volume of the

conductive paste, and

the (meth)acrylic resin is 0.5% by weight to 30% by weight

of the conductive paste.

2. The conductive paste according to claim 1, wherein
(meth)acrylic resin monomers used for polymerization to
obtain the (meth)acrylic resin include alkyl (meth)acrylate
monomers having 3 to 30 carbon atoms.

3. The conductive paste according to claim 2, wherein the
alkyl (meth)acrylate monomers are selected from the group
consisting of at least one of methyl (meth)acrylate, ethyl
(meth)acrylate, propyl (meth)acrylate, n-butyl (meth)acry-
late, tert-butyl (meth)acrylate, isobutyl (meth)acrylate,
n-hexyl (meth)acrylate, 2-ethylhexyl (meth)acrylate, isode-
cyl (meth)acrylate, tridecyl (meth)acrylate, and styrene.

4. The conductive paste according to claim 1, wherein the
acid value is provided to the (meth)acrylic resin by a carboxyl
group included in at least one of acrylic acid, methacrylic
acid, succinic acid, maleic acid, and itaconic acid.

5. The conductive paste according to claim 1, wherein
(meth)acrylic resin monomers used for polymerization to
obtain the (meth)acrylic resin include hydroxyl group-con-
taining (meth)acrylic resin monomers.

6. The conductive paste according to claim 5, wherein the
hydroxyl group-containing (meth)acrylic resin monomers
are selected from the group consisting of at least one of
2-hydroxymethyl (meth)acrylate, 2-hydroxyethyl (meth)
acrylate, 2-hydroxypropyl (meth)acrylate, and 2-hydroxybu-
tyl (meth)acrylate.

7. The conductive paste according to claim 1, wherein a
metal component constituting the metal powder contains at
least one of Al, Ag, Cu, Ni, Pd, Cr, Fe, Co, and alloys thereof.

8. The conductive paste according to claim 1, wherein a
difference in solubility between the (meth)acrylic resin and
the organic solvent is in a range of 0 (J/em®)? to 10
(J/em®)H2,
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9. The conductive paste according to claim 1, wherein the
organic solvent is at least one selected from the group con-
sisting of alcohol solvents, ether solvents, ketone solvents,
and ester solvents.

10. A multilayer ceramic electronic component comprising
a multilayer body which includes a plurality of stacked
ceramic layers and internal electrodes disposed between the
ceramic layers, wherein the internal electrodes includes a
sintered element of the conductive paste according to claim 1.

11. A method for manufacturing a multilayer ceramic elec-
tronic component, the method comprising:

preparing the conductive paste according to claim 1;

preparing ceramic green sheets;

printing the conductive paste on the ceramic green sheets;

stacking the ceramic green sheets to form a green multi-

layer body; and

firing the green multilayer body,

wherein a difference in solubility between the (meth)

acrylic resin and a resin included in the ceramic green
sheets is in a range of 0 (J/cm®)!" to 20 (J/em®)"2.

12. The method for manufacturing a multilayer ceramic
electronic component according to claim 11, wherein (meth)
acrylic resin monomers used for polymerization to obtain the
(meth)acrylic resin include alkyl (meth)acrylate monomers
having 3 to 30 carbon atoms.

13. The method for manufacturing a multilayer ceramic
electronic component according to claim 11, wherein the acid
value is provided to the (meth)acrylic resin by a carboxyl
group included in at least one of acrylic acid, methacrylic
acid, succinic acid, maleic acid, and itaconic acid.

14. The method for manufacturing a multilayer ceramic
electronic component according to claim 11, wherein (meth)
acrylic resin monomers used for polymerization to obtain the
(meth)acrylic resin include hydroxyl group-containing
(meth)acrylic resin monomers.

15. The method for manufacturing a multilayer ceramic
electronic component according to claim 11, wherein a metal
component constituting the metal powder contains at least
one of Al, Ag, Cu, Ni, Pd, Cr, Fe, Co, and alloys thereof.
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